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EFFECT OF PRESSURE ON TANGENTIAL-INJECTION FILM 
COOLING IN A COMBUSTOR EXHAUST STREAM 

by Cecil J . Marek 
Lewis Research Center 
SUMMARY 

A tangential-injection film- cooled test section was placed in the exhaust stream 
of a high-pressure combustor. The combustor was a rectangular- segment combus- 
tor used for research on the effect of pressure and fuel atomization on combustor ex- 
haust emissions . The combustor exhaust stream conditions varied from pressures 
of 1 to 20 atmospheres, temperatures of 600 to 1500 K, and Mach numbers of 0.14 to 
0.47. The fuel-air ratio of the combustor ranged from 0 to 0.02. Film-cooling data 
were taken with ambient-temperature cooling air at axial distances less than 16 slot 
heights from the slot exit. The test section was 4.0 centimeters long, and the film- 
cooling slot exit was 0.254 centimeters high. 

The film-cooling effectiveness was found to be independent of pressure over the 
range of conditions tested . The data were correlated by a turbulent-mixing film- 
cooling correlation, and a turbulent-mixing coefficient of 0.05+0.02 was determined. 

INTRODUCTION 

This investigation evaluates the effect of pressure on the film-cooling effective- 
ness . Extensive film-cooling data exist in the literature which were obtained at 
atmospheric pressure. With increases in compressor-pressure ratio in advanced 
gas turbines , the need exists to extrapolate the film-cooling data to higher pres- 
sures . Arguments may be made that either the effectiveness of the cooling film may 
decrease with increasing pressure or the effectiveness may not change with changes 
in pressure . As the pressure is increased , the Reynolds numbers of both the hot-gas 
stream and the film-cooling stream increase for fixed velocities. The film-cooling 
effectiveness may decrease with increasing pressure because increasing Reynolds 
numbers may increase the mixing between the hot-gas stream and the film-cooling 
stream and thereby cause a decrease in the film-cooling effectiveness . Also , as the 



Reynolds number increases , the hot-gas boundary-layer thickness upstream of the 
slot exit decreases , thus increasing the momentum of the hot-gas stream close to the 
wall. 

Reference 1 states that within a combustor where the hot-gas turbulence is high , 
the film-cooling effectiveness is controlled by the hot-gas turbulence level. The 
turbulence level as inferred from the turbulent mixing coefficient remained constant 
over a wide range of Reynolds numbers , indicating that the film-cooling effectiveness 
is not a large function of Reynolds number . It may then be concluded that the film- 
cooling effectiveness should not change significantly with pressure . However , all 
of the data in reference 1 were taken at near 1 atmosphere pressure . Each of these 
arguments may be valid in a different range of operating conditions . 

In order to determine the effect of pressure on the film-cooling effectiveness in 
a combustor environment and to determine whether data taken at 1 atmosphere could 
be extrapolated to higher pressures, a tangential-injection film-cooled test section 
was placed in the exhaust stream of an experimental gas-turbine combustor , and 
data were taken at pressures of 1 , 10 , and 20 atmospheres . Other combustor ex- 
haust conditions ranged from temperatures of 600 to 1500 K, fuel-air ratios from 0 to 
0.02, and Mach numbers from 0.14 to 0.47. The test section was placed in the free 
jet issuing from the combustor in order to provide an environment where hot- gas 
temperature and velocity measurements could be obtained for use in determining the 
film-cooling effectiveness. The test section was 4.0 centimeters, and the film-cooling 
slot exit was 0.254 centimeter high. The film-cooling air was at ambient temperature. 

The film-cooling effectiveness data at the three pressure levels are compared to 
the turbulent -mixing correlation developed in reference 1 . The effect of pressure 
on the value of the turbulent-mixing coefficient was determined . 

APPARATUS AND INSTRUMENTATION 
Test Combustor 

A tangential -injection film-cooled test section was placed in the exhaust stream 
of a high-pressure combustor . The combustor was a rectangular segment producing 
a hot-gas jet 4.8 centimeters high by 30 centimeters wide. A schematic of the com- 
bustor with the location of the film-cooled test section is shown in figure 1 . 

A complete description of the combustor, fuel injectors, and associated equip- 
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ment is given in reference 2 . The combustor was fired with ASTM-A1 fuel intro- 
duced through air-atomizing fuel injectors. Midway through the test program, the 
fuel injectors were changed from radial jets to splash cones. A detailed description 
of both of these injectors is given in reference 2. This change did not affect the 
heat-transfer environment in the exhaust stream . 

The combustor operated efficiently over a wide range of pressures and fuel- 
air ratios . The pattern factor 6 of the exhaust stream , defined as 

T . - T 

maximum average 

„ _ exhaust exhaust /n , 

6 ( 1 ) 

T - T 

average combustor 

exhaust inlet 

ranged from 0.45 to 1.15. These values of the pattern factor are much higher than 
would be desired for a gas-turbine combustor and produced some large temperature 
gradients in the exhaust stream . The hot-gas temperature profile was measured 
with a five-point aspirating platinum/platinum- 13-percent-rhodium thermocouple 
rake which traversed the exhaust stream and stopped every 1 . 27 centimeters . The 
total temperature used in the film-cooling study was determined by averaging the 
five readings on the rake at the single position directly in front of the film-cooled 
test section . Temperature differences as high as +200 K existed at this position at 
a pattern factor of 0.5 and a hot-gas temperature of 1300 K. 

Test Section 

Film-cooling air and slave-cooling air were introduced independently to the test 
section. The film-cooling air cooled the test surface. The slave-cooling air first 
flowed concentrically with the film-air inlet tube to maintain the film-air at ambient 
temperature , and then it cooled the undersurface of the test section . The film- 
cooling air was injected parallel to the combustor exhaust stream through a contin- 
uous slot . The cooling-air flow rates were measured with venturi meters . Figure 2 
is a sketch of the test section . An air gap between the test surface and the inlet- 
stream manifold minimized convection cooling . At the end of the test surface , the 
air gap was blocked with insulation to prevent hot-gas convection on the rear side . 

The test section was constructed of 0 . 16-centimeter-thick , type-316 stainless 
steel. The test surface was 4.05 centimeters wide by 4.0 centimeters long. The 
film-cooling slot exit was 0.254 centimeter high. Two identical test sections were 
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used in the series of experiments . The first test section was damaged midway 
through the program . Check points taken with the second test section agreed with 
previous results taken with the first test section . 

Six Chromel-Alumel thermocouples were spot welded on the bottom of the test 
surface within the air gap at the locations shown in figure 2 . The thermocouples 
were located along the centerline of the test surface . At a location 2 . 54 centimeters 
downstream of the slot exit , two additional thermocouples were placed radially to 
indicate the lateral thermal gradients developed . One of the three thermocouples at 
the 2 . 54-centimeter location failed early in the program , and only two thermocouples 
are reported at this location . The inlet-film temperature was measured upstream of 
the test section. Since the cooling-air system consisted of concentric tubes with 
slave air in the outer tube , the film air was maintained at ambient temperature until 
exiting from the slot . The inlet-film temperature was determined by extrapolating 
the test surface temperatures to the slot exit , as well as from initial measurements 
before inlet thermocouple failure . On the second test section , no inlet thermocouple 
was installed because of the good agreement between the inlet thermocouple and the 
upstream thermocouple as obtained with the first test section . 

The test section was placed so that the test surface was not directly exposed to 
radiation from the combustor . A photograph showing the location of the test section 
and traversing hot-gas rake in the exhaust section is shown in figure 3 . 

RESULTS AND DISCUSSION 

Experimental film-cooling data are presented at pressures of 1, 10, and 20 at- 
mospheres . The 1-atmosphere data were taken under altitude blowout conditions. 
The 10-atmosphere data represent the cruise condition; and the 20-atmosphere data 
represent the sea- level takeoff pressure for an advanced gas-turbine combustor . A 
list of other combustor operating variables at these conditions is given in table I . 

A list of the experimental film-cooling data is given in table II . 

The wall temperatures were converted to the film-cooling effectiveness by 
assuming that the film temperature is equal to the wall temperature . Calculations 
showed that this assumption caused a maximum error of 10 percent in the film- 
cooling effectiveness . The film-cooling effectiveness rj ^ may be related to the 
downstream distance parameter x/Ms by the following expression which was de- 
veloped in reference 1: 
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( 2 ) 


TJf = 



1 + C m 


x 

Ms 


where is the hot-gas temperature , is the film temperature at a given distance 

x from the film-cooling slot exit , T c is the inlet-film-air temperature , and C m is 

the turbulent-mixing coefficient . In the parameter x/Ms , s is the slot height , and 

M is the mass-flux ratio of the cooling air to the hot-gas stream, P c u c /Ph U h is 

density and U is velocity) . The cooling-air mass flux p U was determined from 

c c 

the cooling-air mass flow rate and the exit slot area of 1.03 square centimeters. 

The hot-gas mass flux p was computed by dividing the combustor mass 
flow rate by the combustor exhaust area. The combustor exhaust area, which was 
4 . 8 centimeters high by 30 centimeters wide , was used in the calculation because it 
was assumed that the flow separated at the combustor exhaust and produced a hot 
jet, and it was assumed that jet expansion, contraction, or deflection was negligible 
in the 10 centimeters between the combustor exhaust and the test section (see fig. 1) . 
If any change of the hot-gas jet occurred, it was assumed to be similar at all the 
operating pressures tested . No correction was made for the effect of the cooler side 
walls because , although the gas density was higher , the hot-gas velocity was lower 
than the mean, which indicated a nearly constant mass flux throughout the hot-gas 
stream . 

The experimental data are shown in figure 4 along with the turbulent-mixing 
film-cooling correlation (eq. (2)) for various values of C m . It is seen that over the 
pressure range studied , there is no significant change in the turbulent-mixing 
coefficient C m for the tangential-film-injection configuration studied. More data 
had been taken at other intermediate pressures . The data at the other pressures 
showed no significant deviation from the 1-, 10- , and 20-atmosphere data. 

The value of C in the combustor exhaust stream is 0 . 05+0 . 02 . This value is 
m — 

considerably lower than the value of 0.15 obtained at atmospheric pressure within a 
different combustor designated as a "one-side-entry" combustor (ref. 1) . But the 
value of 0 . 05 is above the value of 0 . 01 found in low -turbulence wind tunnels . The 
mixing seems to be dominated by the turbulence level of the hot-gas stream , which 
seems to be more a function of combustor geometry than the Reynolds number of the 
hot-gas stream . The data scatter are assumed to be caused by the uncertainty in the 
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hot-gas temperature , as indicated by the large pattern factor of the combustor ex- 
haust stream . Temperature differences as large as 200 K existed in the combustor 
exhaust stream at a pattern factor of 0 . 5 and an average exhaust temperature of 
1300 K. Four other methods of averaging the hot-gas thermocouples to compute the 
hot-gas temperature were investigated to try to reduce the scatter in the data. Two 
of the methods were (1) using only the centerline thermocouple, and (2) averaging 
the center three thermocouples at the three rake positions upstream of the test 
surface. The scatter was not reduced by changing the method of averaging used to 
determine the hot- gas temperature 

In order to evaluate the effects of radiation and axial wall conduction , the test- 
surface temperatures , including these effects , were computed with the use of a con- 
stant value of 0.05 for the turbulent-mixing coefficient C m . The gas emissivity was 
computed with the use of the nonluminous flame correlation of Reeves (ref. 3) . The 
predicted wall temperatures are plotted against the experimental temperature in fig- 
ure 5 . Most of the predicted data are within 25 percent of the experimental values . 
The error is defined as the deviation between the predicted and experimental wall 
temperatures over the difference between the experimental wall temperature and the 
inlet-cooling-air temperature. Since the predicted data do not show either a positive 
or negative systematic trend from the experimental data at the three pressure levels , 
accounting for radiation and axial-wall conduction would not change the conclusions 
already reached . The data indicate that assuming a constant value of the turbulent- 
mixing coefficient does result in good correlation of the data over the large pressure 
range of from 1 to 20 atmospheres . Small changes in the effectiveness may exist with 
pressure , but because of the scatter in the data , these changes are not discernible . 
Most of the scatter is presumed to be caused by uncertainties in the hot-gas tempera- 
ture. 

The effect of pressure is important when computing combustor-liner tempera- 
tures. Norgren (ref. 4) has shown that the combustor-liner temperature within the 
primary zone does increase with pressure at a fixed reference velocity because the 
soot concentration within the primary zone increases significantly, which increases 
the contribution of the radiation flux to the liner . When convection cooling is present , 
the balance between the various modes of cooling changes with pressure . In this re- 
port it has been shown that the film-cooling effectiveness will remain constant with 
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changes in pressure for a given geometry and a given value of the downstream dis- 
tance parameter , x/Ms . 

In this experiment , only tangential film injection was used , and it would not be 
safe to conclude that there is no pressure effect for the case where the film-cooling 
stream has a normal component of velocity . 

SUMMARY OF RESULTS 

Film-cooling data were obtained over a pressure range of 1 to 20 atmospheres . 

The test section was located in the exhaust stream of a high-pressure combustor . 

There was no significant change in the film-cooling effectiveness with pressure for 

tangential film injection. The turbulent-mixing correlation worked well over the 

complete pressure range with the assumed constant value of the turbulent -mixing 

coefficient (2 of 0.05+0.02. 
m — 

Lewis Research Center , 

National Aeronautics and Space Administration , 

Cleveland, Ohio, April 4, 1973, 

501-24. 
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TABLE I. - COMBUSTOR OPERATING CONDITIONS 


Test 

condition 

Combustor 
air flow, 
kg/sec 

Inlet 

temperature, 

K 

Pressure, 

atm 

Fuel-air 

ratios 

Reference a 

velocity, 

m/sec 

Blowout 

0. 73 and higher 

480 

1 or /and lower 
until blowout 

0.02 

22. 5 and higher 

Idle 

3. 38 

425 

4 

.007 

22.5 

Cruise 

6.06 

589 

10 

0 to 0.02 

22.5 

Takeoff 

12. 12 

589 and 755 

20 

0 to 0.02 

22.5 and 27.7 


Q 2 

Based on maximum combustor cross sectional area of 467 cm . 



TABLE n. - EXPERIMENTAL DATA 


Wall temperature Tj at specified 
distance x downstream, 

K 


= 1. 59 cm x = 2. 54 cm 



a Measured in the exhaust stream according to SAE 1179 methods (see ref. 2). 
Calculated from the average temperature rise at the combustor. 
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Figure 1. - Schematic of high-pressure combustor and exhaust section showing the location of the film-cooled section. 
Dimensions are in centimeters. 
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Figure 2. - Sketch of film-cooled test section showing location of wall thermocouples. Dimensions are in centimeters. 






Figure 3. - View looking upstream in combustor exhaust showing location of film-cooled test section and traversing 
rake. 
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Turbulent-mixing 



Downstream distance parameter, x/Ms 


Figure 4. - Effect of pressure on turbulent-mixing film cooling correlation. 



Experimental wall temperature, K 


Figure 5. - Comparison of experimental wall temperatures with 
predicted values at pressures of 1, 10, and 20 atmospheres. 
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